Human mini-brains (MB) are cerebral organoids that recapitulate in part the complexity of the human brain in a unique three-dimensional in vitro model, yielding discrete brain regions reminiscent of the cerebral cortex. Specific proteins linked to neurodegenerative disorders are physiologically expressed in MBs, such as APP-derived amyloids (Aβ), whose physiological and pathological roles and interactions with other proteins are not well established in humans. Here, we demonstrate that neuroectodermal organoids can be used to study the Aβ accumulation implicated in Alzheimer's disease (AD). To enhance the process of protein secretion and accumulation, we adopted a chemical strategy of induction to modulate posttranslational pathways of APP using an Amyloid-β Forty-Two Inducer named Aftin-5. Secreted, soluble Aβ fragment concentrations were analyzed in MB-conditioned media. An increase in the Aβ 42 fragment secretion was observed as was an increased Aβ 42 /Aβ 40 ratio after drug treatment, which is consistent with the pathological-like phenotypes described in vivo in transgenic animal models and in vitro in induced pluripotent stem cell-derived neural cultures obtained from AD patients. Notably in this context we observe time-dependent Aβ accumulation, which differs from protein accumulation occurring after treatment. We show that mini-brains obtained from a non-AD control cell line are responsive to chemical compound induction, producing a shift of physiological Aβ concentrations, suggesting that this model can be used to identify environmental agents that may initiate the cascade of events ultimately leading to sporadic AD. Increases in both Aβ oligomers and their target, the cellular prion protein (PrP C ), support the possibility of using MBs to further understand the pathophysiological role that underlies their interaction in a human model. Finally, the potential application of MBs for modeling age-associated phenotypes and the study of neurological disorders is confirmed.
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Introduction
Although much effort has been made to establish in vitro and in vivo models capable of recapitulating pathological AD phenotypes to study pathophysiological mechanisms and test drug candidates [1] , more than 99% of drug candidates fail in clinical trials [2] . It has been shown that APP-derived Aβ 42 oligomers are neurotoxic in vivo in mice [3] and that increasing Aβ 42 fosters an oligomerization reaction [4] that eventually leads to amyloid plaque deposition. However, the failure at the clinical level of anti-β-amyloid strategies initially validated in genetic mouse models (familial Alzheimer's disease (FAD) mutations) illustrates the complexity of this human pathology and the difficulty of reproducing all its pathological hallmarks [5, 6] . In practice, no animal model appears to develop true AD; a critical need exists for better experimental models that can provide more predictive and physiologically relevant results reflecting the complexity of human brain tissue. [7] .
Recently, in vitro models based on iPSC technology have made it possible to study patientspecific phenotypes. In particular, patient-derived neurons can be used to investigate pathological markers and pathways implicated in neurological disorders in vitro [8, 9] . This provides an opportunity to overcome limitations linked to the inaccessibility of brain samples and may help to highlight unknown mechanisms and to discover and validate new therapeutic strategies. Two-dimensional (2D) cell culture models of familial (FAD) [10] and sporadic AD (SAD) [11] obtained with iPSC-derived patients' neurons have been shown to reproduce many of the pathological features that characterize AD pathology, notably extracellular or intracellular soluble Aβ accumulation or insoluble Aβ aggregation [8, 10, 12] . Human iPSCderived AD neurons, at least in FAD, can successfully recapitulate the hallmarks of early stage of AD pathogenesis [11] , but 2D cultures do not allow robust extracellular ß-amyloid aggregation. Indeed, even with the most aggressive AD familial mutations, low levels of Aß species are produced, and the lack of interstitial compartment in 2D cultures prevents ß-amyloid aggregation [13] . Moreover, these 2D models are not able to recapitulate in vivo-like cytoarchitectural organization and the brain's synaptic connections [14] .
Breakthroughs in three-dimensional (3D) cell culture systems have been proposed as a way to more closely recapitulate in vivo CNS architecture: more realistic 3D models could fulfill the existing gap between 2D cell culture and animal models as 3D cerebral organoids can be cultured in the long term and provide a microenvironment more prone to Aß deposition and aggregation in high concentrations [13] . They may better predict in vivo functions and phenotypes [13] through specific gene and protein expression, cell-to-cell and cell-ECM (Extra-Cellular Matrix) network interactions, resulting in higher spatial and chemical complexity [15] . However, several potential difficulties have been identified in studying disorders that require significant maturation and aging [16] . Most notably, the persistent embryonic nature of iPS cell derivatives represents a major hurdle and could compromise their use in modeling agerelated neurodegenerative diseases. A variety of protocols are available for differentiating iPSCs into 3D neural cell aggregates, which provide the potential for neurodegenerative disease modeling. However, the lack of cytoarchitectural organization or cellular diversity in these 3D models impedes the recapitulation of complex brain development processes that are dependent on cell-cell interactions across different brain regions. Recently, more complex 3D arrangements of cells resembling human brain tissue, termed brain organoids, which use pluripotent stem cells derived from FAD patients (harboring amyloid precursor protein-APPduplication or presenilin1 -PSEN1-mutation), have shown the spontaneous emergence of hallmark AD pathologies such as increases in Aβ 42 soluble fragment secretion and amyloid aggregation, when compared to control organoids [17, 18] . However, Alzheimer-related phenotypes obtained in these studies with 3D culture models [18] can vary from those observed in 2D models even if they use the same iPSC cell line, notably in the absence of an increase in the Aβ 42 /Aβ 40 ratio, which is one of the best biomarkers observed in the human AD brain. It has been shown that small alterations of Aβ concentrations that affect the Aβ 42 /Aβ 40 ratio ultimately lead to changes in biophysical and biological properties of the Aβ. Variations in the Aβ pool influence the kinetics of aggregation and the capacity to form amyloid fibrils in vitro and in vivo [19] . Moreover, no 3D model of sporadic AD has been described yet, even though it represents almost 95% of human cases [20] .Importantly, iPSC generation involves complete cell reprogramming, which eliminates the phenotypes associated with cellular aging, such as mitochondrial function and telomere length, which are returned to a "embryonic-like" state [21, 22] : this means that even if iPSC cell lines originate from sporadic AD patients [13] , reprogramming may have erased a variable proportion of the epigenetic marks responsible for a favorable genetic background for the disease, allowing full recapitulation of AD hallmarks.
With all of that in mind, our aim was to change the paradigm by defining a novel induction strategy for a typical AD signature in control iPSCs from healthy people. We aimed to reproduce the Aβ fluctuations observed in AD in vivo and in vitro, which support the amyloid cascade hypothesis [4, 23, 24] , in brain organoids from control iPSCs, to establish a new model of sporadic AD. Physiological maturation of the MBs in vitro was studied through the expression of Aβ amyloids and PrPc, which is the main receptor for Aβ oligomers, during the first months of culture. An Amyloid-β Forty-Two Inducer, a pharmacological compound also known as Aftin-5, was used on MBs to influence APP post-translational pathways and to alter the generation of Aβ forms, producing an imbalance between Aβ 42 and Aβ 40 in 2D culture models [25] . The results reported here show for the first time that after chemical induction, MBs can reproduce the phenotype of the increased Aβ 42 /Aβ 40 ratio, which is observed in both familial and sporadic AD patients.
Results

Generation and characterization of mini-brains
The MB protocol previously described by Lancaster et al. [26, 27] was reproduced with minor modifications (see Methods) from human iPSCs (S1 Fig) to achieve discrete brain regionalization in vitro as confirmed after analysis of the expression of several neural markers. We observed 3D neuroectodermal differentiation towards neuroepithelium and self-organization leading to growth and development of specific brain regions representative of whole brain tissues. Neural ectoderm acquired apicobasal polarity and developed as a continuous layer during neural induction (NI) along the outer surface of EBs (Fig 1A) . Neural differentiation and encapsulation of 3D free-floating cell aggregates within the extracellular matrix provided by Matrigel enabled neuroepithelia to organize radially ( Fig 1B, higher magnification image on the right). Moreover, the use of an external scaffold that provided a structural support allowed the neuroepithelial buds to expand (Fig 1B, arrowhead) along with further growth, regionalization and differentiation of neuroepithelial tissue (Fig 1C) . Finally the MB protocol supported the growth of neural tissue and its continuous expansion, achieving maximal size after 2 months (Fig 1C) as confirmed by previous studies [27, 28] as well as the development of 3D neural microenvironments, which allowed the identification of discrete brain regions ( Fig  1D) .
Immunohistochemical analyses were used to characterize the presence of different neural cell types. Ventricle-like cavities reminiscent of brain ventricles (Fig 1D) expressing specific markers such as Nestin, PAX6, Ki67 and SOX2 suggest the proliferation of neural stem cells 
Chemical induction of Aβ accumulation
MBs develop discrete brain regions after one month of culture [28] and reach their maximal size of 3-4 mm in diameter after 2 months (Fig 1. and [27] ). To investigate whether MBs can be used to present an increased Aβ 42 /Aβ 40 ratio, MBs were treated with Aftin-5, (Amyloid-β Forty-Two Inducer) a chemical compound which increases the production of extracellular soluble secreted amyloid peptides in vitro [25] . We measured Aβ 42 and Aβ 40 concentrations in conditioned media after Aftin-5 induction in 1-month old and 2-month old MBs (Fig 2A) .
Chemical treatment of MBs was found to alter APP catabolism, leading to changes in extracellular Aβ 42 production without alteration of Aβ 40 concentration (Fig 2B) . Statistical data analysis showed significantly higher Aβ 42 mean levels in 1 month-( � p = 0.02) and 2-month old ( ��� p = 0.009) MBs following treatment with Aftin-5 when compared to vehicle-treated control MBs. An increase in the Aβ 42 /Aβ 40 ratio was observed consequently (Fig 2C) , consistent with previously published in vitro and in vivo 2D models. Interestingly, higher Aβ 42 production was observed after Aftin-5 treatment of 2-month old MBs compared to 1-month old MBs. This could be a consequence of the maturation of neuroectodermal organoids occurring between 1 and 2 months. Moreover, after treatment with aftin, organoids displayed no 
APP and PrP C expression analysis throughout maturation of MB culture
We have shown that cerebral organoid maturation and cellular type enrichment occur in a time-dependent manner during up to 6 months of culture [28] . We investigated the expression level of relevant genes during MB maturation. Research for a specific Aβ 42 cellular surface receptor has led to the identification of a highly specific interaction with the cellular prion protein (PrP C ) [29] . Once the expression pattern of secreted Aβ oligomers was established in the MB model, we chose to study the expression and metabolism of APP and PrP C throughout the maturation of MB (Fig 3A and 3B ). Transcript and protein expression were analyzed during 7.5 months of culture (Fig 3A and 3B ). The expression levels of APP and PrP C were modulated in a time-dependent manner during culture. APP and PRNP gene expression increased after neural induction (NI) (Fig 3A) and protein analysis confirmed time-dependent production of APP and PrP C (Fig 3B) . Finally, immunohistochemistry of MBs was used to localize PrP C and
Aβ expression and to compare 1-month and 2-month old MBs. Immunohistochemical analysis confirmed the existence of increased immunoreactivity between 1 and 3 months using an N-terminal specific antibody for PrP C (SAF32) and an antibody directed against the N-terminal part of Aβ peptide sequence (clone BAM10) (Fig 3C) . Aβ and PrPc were expressed in the same regions of the organoid (Fig 3C) , suggesting a coexpression of the two biomarkers. These data correlate with the parallel expression signatures of these two genes during the early phases of brain development (see human transcriptome available online: http://hbatlas.org). These data confirm that time-dependent changes in APP metabolism, which correspond to increased Aβ production found in conditioned media (S3 Fig) as well as in MB sections (Fig 3C) , correlate with the increase in PrP C expression, confirming a potential role for these proteins during cerebral tissue maturation in vitro.
Discussion
Human MBs have been shown to be a highly valuable and predictive in vitro tool to study human brain physiological pathways during development as well as a powerful means of recapitulating brain-associated pathologies [17, 18, 27, 30] . The MB model is considered to be very promising in the future study of neurological and neurodegenerative disorders [31] . One remaining question is whether human neural cells issued from iPSCs provide an adequate model for recapitulating phenotypes associated with neurodegenerative diseases. Because Human mini-brains as a new model to study Alzheimer's disease reprogramming to iPSC reverts cells to a fetal state, this could represent a problem in modelling age-related neurological disorders. However, several studies have demonstrated and validated the use of iPSCs to model pathologies such as AD. Cultures of patient-derived neurons have shed light on AD pathogenic mechanisms confirming the utility and the substantial potential of patient-derived iPSCs obtained from sporadic or familial forms of the disease [32] . These models show high variability, where a single cell line can give rise to different results depending on the differentiation protocol. For instance, the same FAD cell line may demonstrate contrasting results when used in 2D neuronal assays compared 3D brain organoid assays (S1 Table) . Critical improvements are needed to obtain more reproducible models of AD pathology based on these systems, especially concerning the sporadic form of AD, which represents most clinical cases.
We followed the secretion of Aβ oligomers by MBs obtained from a control IPS cell line to evaluate the possibility of provoking an AD-associated phenotype through chemical induction. It has been shown that increased production of the longer Aβ species (such as Aβ 42 or Aβ 43 ) makes aggregation more likely, and leads to the formation of toxic oligomers which confers synaptic dysfunction and ultimately may give rise to amyloid plaque formation [33] . A shorter and more hydrophilic Aβ 40 form, which is the most abundantly produced Aβ fragment, is thought to contribute directly to small changes observed in Aβ pool concentrations [4, 34, 35] . The Aβ 42 /Aβ 40 ratio has been shown in many preclinical and clinical models to be more biologically relevant for AD than Aβ 42 level alone [33, 36, 37] .
In this work, a normal control IPS cell line differentiated in neuroectodermal organoids displayed a physiological time-dependent increase in Aβ secretion and a stable Aβ 42 /Aβ 40 ratio over the first two months of culture, reminiscent of the natural maturation occurring in humans. This suggests that although IPS-derived organoids remain embryonic in nature, maturation occurs in vitro. A chemical induction strategy was adopted to modulate APP cleavage and to increase the susceptibility of MBs to Aβ accumulation mechanisms. Induction with Aftin-5 reproducibly led to disruption in Aβ 42 /Aβ 40 ratios due to a rapid increase of soluble Aβ 42 accumulation after 4 days of treatment, thus acquiring the specific AD signature. Our data shows that the MB model can be used for the specific purpose of studying AD phenotypes, on a normal genetic background, reminiscent of the signature of sporadic AD.
Some accounts evaluate that sporadic AD affects up to 50% of the population by the age of 85 [20] . This evidence suggests that the basic genetic component of sporadic AD is not the main etiological factor in most of these cases and orientates to alternative hypotheses as nonsequence-based sources of variability in the genome, notably epigenetic modifications (which encompass the different conformational changes in DNA and/or chromatin). It has been reported that >30% of chromatin is dramatically reorganized in senescent cells [38] . Moreover, multiple aging models strongly suggest a massive alteration in histone modification patterns, while multiple genes are directly affected by an altered DNA methylation (global DNA hypomethylation and local hypermethylation that may activate specific transcriptional programs). If old cells accumulate aggregated proteins, genomic damage and display telomere erosion and mitochondrial dysfunction, their reprogramming into iPSC can be considered to mimic the "resetting" that occurs during meiosis and fertilization, which allows the formation of a new individual from two older individuals. [21] . In other words, the most critical epigenetic modifications expected from the cells from AD patients are potentially neutralized during the reprogramming process to generate iPSC cell lines. Moreover, depending on the differentiation protocols used to obtain 2D or 3D neuronal or more complex models such as MBs, different epigenetic marks will be created, i.e. a different impact on the underlying genetic component.
The consequence of Aβ peptide production, accumulation and interaction with other proteins is still under study, but prion-like mechanisms are known to underlie most human neurodegenerative disorders including AD and Parkinson's disease [39] . Because PrPc acts as a high-affinity receptor for Aβ oligomers [29] and this interaction produces a neurotoxic effect in mice [29] , we investigated if PrPc was expressed during the first stages of development of the organoid. We found that the expression of APP and PrPc are both increased during the first two months of culture.
It has been suggested that PrPc extracted from AD brains contains multiple specific binding sites depending on the C-terminal of the Aβ fragment as well as its biophysical conformation at multiple sites on the protein [40, 41] , but the consequences of the strong interaction between PrPc and Aβ species remain to be established in the AD context. Moreover very little is known about the physiological roles of these proteins in brain development and physiology [42] [43] [44] [45] . This study has shown for the first time a spatial and temporal correlation between PrPc and APP/Aβ expression during normal MB maturation, which suggests physiological interactions and opens up new avenues for further investigations.
Confronted with current limits linked to the use of transgenic mouse models that reflect neither the complexity of the human brain nor all the different aspects of AD pathology, MBs constitute a unique human brain model describing time-dependent expression and metabolism of APP and PrP C during long-term culture as well as a model in which Aβ 42 amyloid secretion can be chemically induced.
Conclusion
To surmount prevailing obstacles inhibiting the development of efficient strategies in the treatment of AD, the pharmaceutical industry requires alternative experimental models. Although progress has been made using transgenic mouse models, to date no in vivo model reflects the complexity of the human brain or reproduces the full extent of the pathology found in patients.
Comparing the phenotypes obtained using various 2D in vitro cell culture methods highlights discrepancies between the models as well as their inability to coherently recapitulate pathological events. 3D-based models may constitute a more physiologically relevant model, although the embryonic nature of IPS derivatives may hinder this type of approach. The aim of this work was to take advantage of the research prospects offered by neuroectodermal organoids in the field of neuroscience. To validate the use of MB models to recapitulate AD-associated phenotypes, the ability of the chemical inductor Aftin-5 to modulate the APP post-transcriptional pathway towards a pathological outcome was tested on organoids obtained from a control IPS cell line without any described mutations. MBs were chosen for this study to investigate the proteins implicated in pathophysiological mechanisms linked to sporadic forms of AD. Treatment of MBs with Aftin-5 leads to a reproducible disruption of the physiological balance of the Aβ 42 /Aβ 40 ratio observed during normal maturation. The secreted Aβ 42 concentration and Aβ 42 /Aβ 40 ratio rose over 4 days of treatment whereas the secreted Aβ 40 concentration remained stable. In this timeframe, neither phosphorylation of tau protein nor extracellular β-amyloid were revealed by immunohistochemistry in the aftin-treated organoids (S4 Fig). Our study supports the pioneering work of Raja et al., who aimed to closer emulate human pathology using a 3D in vitro model of the brain based on FAD iPSC to study neurological disease, although further work is still needed in order to recapitulate all the hallmarks of AD in vitro.
Our aim was to test the capacity of the MBs to model sporadic AD even when the initial iPSC cell line originated from a non-AD patient. We used a strategy of chemical induction to reproduce the fluctuations in Aβ observed in AD which support the amyloid cascade hypothesis in brain organoids issued from control iPSCs [4, 23, 24] . We confirmed that human MBs obtained from a normal patient can reproduce a relevant phenotype in vitro, opening new perspectives in the understanding of physiological and pathological brain mechanisms. We further demonstrate the possibility of studying the expression of biomarkers during neural differentiation and maturation over several months in vitro, validating a physiological expression profile for APP and PrP C over time. This is consistent with human brain development and maturation in vivo. In addition, we were able to identify a physiological Aβ accumulation in vitro which differs from that obtained using Aftin-5. In particular, Aβ 40 and Aβ 42 levels were found to increase with time while maintaining a stable ratio during the first two months of culture. Through the observation of APP metabolism and PrP C expression, we show that after chemical induction, the MB model of 3D maturing human cells, capable of long-term culture, can be used to study phenotypes associated with sporadic cases of neurodegenerative pathologies. This concept can also be tested in AD derived IPSCs to compensate for critical phenotypical signatures that could have been lost during reprogramming. Future improvements to this model such as the integration of vascularization and the combination of genetic and molecular strategies to accelerate normal aging processes may contribute to the identification of novel biomarkers or potential targets in AD. Chemical induction of AD-related proteins in neuroectodermal organoids provides a biochemical signature that is closer to the most frequent sporadic forms of AD, which could provide a path towards more predictive future models applicable in the field of drug discovery.
Experimental procedure
Maintenance of iPSCs culture and 3D differentiation of mini-brains
BJ primary fibroblasts were obtained from ATCC (CRL-2522). Fibroblasts were reprogrammed using the Sendai virus reprogramming method as recommended by the manufacturer (Life Technologies, cat. no. A16517). Briefly, BJ cells were infected on day 0, and plated on inactivated mouse embryonic fibroblasts (MEF, GlobalStem) 48 hours after infection. Stem cell medium composed of DMEM/F12 (Life Technologies), supplemented with 20% KOSR (Life Technologies), glutamine, non-essential amino-acids and bFGF (10 ng/ml, Stem Cell Technologies,) was changed daily. Clones were picked starting 20 days post infection, and expanded on murine embryonic fibroblasts (MEF, GlobalStem) before being adapted to feeder-free conditions. Assessment of pluripotency by semi-quantitative PCR was performed periodically to confirm the expression of pluripotent markers in iPSC cultures (S1 Fig). iPSCs used to obtain cerebral organoids were maintained in feeder-free condition on Matrigel-coating (Corning), fed using mTeSR1 medium (StemCell Technologies) and checked to confirm the absence of mycoplasma. iPSC colonies were cultured up to 80% of confluence. We followed the protocol published by Lancaster et al. with minor modifications [26] . At day 0 of the differentiation protocol cells were dissociated to allow cell counting as described previously. The first step of the previously published protocol was modified using a more homogeneous method to obtain embryoid bodies (EBs) [46] . Briefly, hanging drops of 20 μl of EBs medium containing 9000 cells per drop were cultured on a Petri dish cover (10 cm in diameter) for 2 days in order to allow them to aggregate before being collected (S5A Fig). At day 2 each EB was harvested manually using a cut micropipette tip and placed in a well of a non-treated 24-well plate ( S5B Fig) (Corning) . Media changes, neural induction and neural differentiation were performed following the published protocol [26] .
Immunohistochemical analysis
MBs were washed twice with calcium and magnesium-free D-PBS (Sigma-Aldrich) and fixed in formaldehyde (4%) (VWR) solution for 15 minutes at 4˚C and then 72 hours at RT. MBs were washed again in D-PBS and prepared for paraffin embedding (Leica TP 1050). Histological paraffin sections of 5 μm were prepared using a microtome (Leica) and collected on glass microscope slides (Thermo scientific). For immunostaining, paraffin was removed in a Medite-Medixintechnik Tissue Stainer TST 40 device and pretreated for epitope retrieval. We performed HIER (heat-induced epitope retrieval) pretreatment combining a heat treatment at 95˚C with a citrate buffer solution (pH 6 
Analysis of gene expression
Total RNA was extracted from iPSCs and organoids using a Nucleospin RNA II Kit (MachereyNagel) according to the manufacturer's instructions. Reverse transcription (RT) was carried out using an Iscript cDNA synthesis kit (Biorad) following the instructions provided by the manufacturer. A total of 1 μg of RNA was used in RT reactions. PCR amplifications were performed using the Real-Time PCR Mini-Opticon System (Biorad, USA) and the IQSYBR Green Supermix kit (Biorad, USA) according to the manufacturer's protocol. Two microlitres of the first strand cDNA (1:5 diluted) were used for amplification in triplicate in a 10 μL reaction containing SYBR Green and 10 pmol of each primer. 
Aβ quantification
The concentration of soluble Aβ 42 , Aβ 40 and Aβ 38 fragments produced after Aftin-5 treatment was measured by Enzyme-linked immunoabsorbent assay (ELISA) using reagents, protocol and imager manufactured by Meso Scale Diagnostic (MSD Multi-Spot Assay System) and compared to the control (DMSO). After four days of treatment the medium was collected and a multiplex kit containing Aβ peptide panel (4G8 and 6E10 Aβ antibodies) was applied according to the manufacturer's protocol.
Statistical analysis
Data were analyzed using PRISM 7 (GraphPad) and SPSS (IBM Analytics) analysis software and values are expressed as the means ± SD. Means of concentrations and ratios were calculated from independent experiments and values corresponding to each mini-brain were represented by a circle (controls) or a triangle (treated). Each point represents a conditioned medium obtained from the culture of a single organoid. Statistical significance was tested using a nonparametric Mann-Whitney test to compare the differences between groups. Differences were retained as statistically significant using p-values of < 0.05 (confidence level 95%). 
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